The study aimed to produce recombinant human dentin matrix protein 1 (DMP1) and to test, whether the recombinant DMP1 produced in Escherichia coli possesses functional activity. A gene construction comprising a gene encoding for DMP1 protein with polyhistidine sequence at its C-terminus was created using the pET22b plasmid and expressed in E. coli. The optimization of cultivation conditions has enabled the induction of the gene expression with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and DMP1 recombinant protein production at 37 C for 6 h. The recombinant protein was purified using Ni affinity chromatography. DMP1 influence on the viability, osteogenic differentiation and calcification of human periodontal ligament (PDL) cells was examined. The purified DMP1 could induce the expression of osteogenesis related genes and calcium deposition in PDL cells. These findings indicate that DMP1 produced in E. coli can induce the osteogenic differentiation of human PDL cells, leading to improved tooth repair and regeneration.
Introduction
Dentin matrix proteins (DMPs) are a group of noncollageneous proteins expressed in the extracellular matrix of dentin and bone. There are four different proteins: dentin matrix protein 1 (DMP1), dentin phosphoprotein (DPP) or dentin matrix protein 2 (DMP2), dentin sialoprotein (DSP) and DMP4. The first multifunctional protein identified from the dentin matrix was DMP1.
Dentin matrix protein 1 (DMP1) is a highly phosphorylated protein that belongs to the family of small integrin-binding ligand N-linked glycoproteins (SIBLINGs) [1] . DMP1 plays an important role in osteoblast differentiation and matrix mineralization [2, 3] . DMP1 contains an RGD domain, which serves as a ligand for the integrin receptor on the cell membrane. Thus, DMP1 can regulate cell adhesion and promote selective cell attachment [4, 5] . Moreover, DMP1 also plays important roles in the induction of bone formation, stem cell differentiation and biomineralization [6, 7] . Therefore, DMP1 is an important signalling molecule in bone tissue engineering.
Among various recombinant protein expression systems, bacteria remain attractive. The bacterial expression system is a cost-effective platform that allows rapid biomass accumulation. The scale-up process is also simple. Therefore, protein expression in Escherichia coli is very promising on an industrial scale.
In this study, we optimized the conditions for recombinant human DMP1 expression in E. coli. DMP1 was purified using Ni affinity chromatography. In addition, the cytotoxicity, osteogenic differentiation and calcification of human periodontal ligament (PDL) cells were investigated.
Materials and methods

Expression of human DMP1 in E. coli
The human DMP1 gene with a 6xHis tag at the C-terminus was synthesized and reported ( Fig. 1) . The DMP1 gene was inserted into the pET22b expression vector (Merck, USA) by using EcoRI and SacI (New England Biolabs, UK) restriction enzymes. The pET22b-DMP1 plasmid was transformed into E. coli strain Rosetta (DE3) (Novagen, Germany). The bacterial cells were cultured in Luria Bertani (LB) media (HiMedia Laboratories, India) with 100 mg/ml ampicillin (ITW Reagents, Germany) at 37 C with shaking at 200 rpm. After the OD 600 of the culture reached 0.6, protein expression was induced by adding isopropyl-β-D-1-thiogalactopyranoside (IPTG) (Bio Basic, Canada) to final concentrations of 0.2, 0.5, and 1 mM. After IPTG induction, the incubation continued at either 28 C or 37 C on a rotary shaker at 200 rpm. The cells were harvested by centrifugation every 2, 4 and 6 h and suspended in 100 ml of 1X SDS loading dye buffer (125 mM Tris HCl, pH 6.8, 12% SDS, 10% glycerol, 22% β-mercaptoethanol, and 0.001% bromophenol blue).
SDS-PAGE and Western blot analysis
The proteins were separated using 10% SDS-PAGE under reducing conditions and stained with Coomassie brilliant blue. For Western blot analysis, proteins were transferred to a nitrocellulose membrane (Thermo Fisher Scientific, USA) and probed with HRP-conjugated goat anti-His (Abcam, UK) or rabbit anti-DMP1 (Abcam, UK) antibodies diluted at 1:5000 in 3% skim milk in 1 Â TBS plus 0.5% Tween 20 (TBST) and HRP-conjugated goat anti-rabbit IgG antiserum (Jackson Immunology Research, USA) diluted at 1:5000 in 3% skim milk in 1 Â TBST. The membrane was developed with chemiluminescence by using enhanced chemiluminescence (ECL) (GE Healthcare, UK) plus detection reagent.
Purification of DMP1
The cells were collected by centrifugation at 4000 g for 10 min, and the pellet was resuspended in lysis buffer (100 mM Tris, pH 7.4, 200 mM NaCl, and 5 mM imidazole) and sonicated using ultrasonic lysis (Sonics & Materials, Inc., USA). The solution was centrifuged at 6000 g for 30 min. The supernatant was filtered with a 0.45 mm syringe filter (Sigma-Aldrich, Germany) and loaded onto a Ni-NTA affinity column (Qiagen Gmbh, Germany). Then, the column was washed with washing buffer (100 mM Tris, pH 7.4, 200 mM NaCl, and 25 mM imidazole) and eluted with elution buffer (100 mM Tris, pH 7.4, 200 mM NaCl, and 250 mM imidazole). The fractions were determined by SDS-PAGE and Western blot analysis.
Cell culture
The protocol to obtain cells was approved by the Human Ethics Committee, Faculty of Dentistry, Chulalongkorn University. Cell explants were cultured in Dulbecco's modified Eagle's medium containing 10% foetal bovine serum (Gibco, USA), 2 mM Lglutamine (Gibco, USA), 100 U/ml penicillin (Gibco, USA), 100 mg/ml streptomycin (Gibco, USA) and 5 mg/ml amphotericin B (Gibco, USA) in 100% humidity at 37 C with 5% carbon dioxide. Cultured medium was changed every 48-72 h. After reaching confluence, the cells were subcultured at a 1:3 ratio, and cells at passages 3-5 were used in the subsequent experiment. The three human periodontal ligament (hPDL) cells used in all experiments were isolated from three different donors.
Cell viability assay
Human periodontal ligament (hPDL) cells were seeded at a density of 50,000 cells per well in a 24-well plate. The hPDL cells were cultured for 24 and 72 h on DMP1 produced from E. coli (1 mg/ ml and 2 mg/ml), and proteins from E. coli not containing the DMP1 protein eluted from the Ni affinity column were used as a negative control. The cells were assessed for viability by a thiazolyl blue tetrazolium bromide (USB Corporation, USA) assay as previously reported [8] . Then, 500 ml of 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) (0.5 mg/ml) solution was added to each well, followed by sample incubation at 37 C for 30 min. Then, 500 ml of glycine buffer (100 mM NaCl, 100 mM Table 1 Primer sequence for gene expression analysis using RT-PCR. glycine, pH 10) was added. DMSO (1:9) was added to the well. After the formazan crystals had dissolved, the absorbance was determined spectrophotometrically at 570 nm using a reference wavelength of 570 nm on an ELX800UV universal microplate reader (Bio-Tek Instruments, Inc., Vermont, USA).
Real-time PCR analysis for osteoblast differentiation markers
The hPDL cells were treated with and without DMP1 protein for 72 h. Total RNA from hPDL cells was extracted using Isol-RNA Lysis Reagent (Gene All Biotechnology, Korea), and 1 mg/ml of RNA per sample was converted to cDNA using a reverse transcriptase kit (Promega, Madison, WI, USA). Quantitative RT-PCR was performed using a Lightcycler Nano real-time polymerase chain reaction machine (Roche Applied Science, Indianapolis, IN, USA) using Fast Start Essential DNA Green Master (Roche Applied Science). Primers specific to ALP, BMP2, CBFA1, COL1, OPN, OSX and WNT3a were used for this protocol, and the RT-PCR conditions were set as follows: denaturation at 94 C for 10 min, annealing at 60 C for 10 s, and extension at 72 C for 10 s for 45 cycles. GAPDH was used as a reference gene for the internal control. The primer sequences are shown in Table 1 . The data were statistically analysed by two-way ANOVA. Fig. 3 . Determination of the optimal conditions for recombinant DMP1 expression in E. coli using Western blot analysis probed with anti-histidine conjugated with HRP. The parameters included culturing temperature (28 C and 37 C), incubation time (2, 4 and 6 h), and concentration of IPTG (0.2 mM, 0.5 mM and 1 mM) with a negative control (E. coli without pET22b-DMP1). 
Osteogenic differentiation
Calcium deposition was evaluated on day 14 after cells were cultured in either general medium (Dulbecco's modified Eagle's medium containing 10% foetal bovine serum (Gibco, USA), 1% Glutamax I supplement (Gibco, USA) and 1% antibiotic-antimycotic (Gibco, USA)) or osteogenic medium (general medium supplemented with 50 mg/ml ascorbic acid, 10 mM β-glycerophosphate and 100 nM dexamethasone). Cells cultured in normal growth medium were employed as a control and analysed by using the Alizarin red S staining assay.
Alizarin red S staining
Cells were fixed with cold methanol for 10 min. After washing with phosphate-buffered saline (PBS), the cells were stained with 1% Alizarin red S staining solution (Sigma-Aldrich, St. Louis, MO) at room temperature. Each of the specimens was washed with deionized water and air-dried. The quantification was determined with 10% cetylpyridium chloride in aqueous 10 mM sodium phosphate solution at pH 7. The absorbance of the product was measured on a microplate reader at 570 nm. The 10% cetylpyridium chloride in aqueous 10 mM sodium phosphate solution was used as a blank. The data were statistically analysed by one-way ANOVA.
Results
Optimization of DMP1 expression in E. coli
The gene encoding the DMP1 sequence ( Fig. 1) was cloned into pET22b and transformed into E. coli strain Rosetta (DE3). The pET-DMP1 vector is predicted to encode a recombinant protein with a molecular size of 60 kDa. Western blot analysis using anti-human DMP1 protein confirmed DMP1 expression, with 2 major bands at approximately 60 and 120 kDa (Fig. 2) . The results from liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS) analysis of both the 60 and 120 kDa proteins showed that both identified proteins matched the product of the human DMP1 gene (Accession number: NP_004398.1), with scores of 581 and 301 for the 60 and 120 kDa proteins, respectively. This result confirmed that the purified protein obtained in this study was human DMP1 protein. To determine the optimal conditions for DMP1 expression in E. coli, the IPTG concentrations, temperature, and induction time were varied. The results showed that the highest level of DMP1 expression in E. coli was induced with 0.5 mM IPTG for 6 h at 37 C (Fig. 3) .
Purification of DMP1 protein using Ni affinity chromatography
The soluble proteins extracted from E. coli were purified under nondenaturing conditions with Ni affinity chromatography. The purification was confirmed by Western blot analysis (Fig. 4A) and SDS-PAGE (Fig. 4B) . Our results demonstrated that DMP1 was lost in the flow through (Fig. 4A) . However, the DMP1 protein in the elution fraction was purified up to 80%.
Effect of DMP1 on cell viability
The effect of DMP1 on cell viability was investigated by culturing hPDL cells provided by 3 different donors with or without DMP1. The cell number was determined by the MTT assay after culturing for 24 and 72 h. The results showed that hPDL cells could attach and survive on all well surfaces. The viability of hPDL cells treated with 1 mg/ml and 2 mg/ml E. coli-produced DMP1 and negative E. coli protein was not significantly different (Fig. 5) . Our data confirm that the DMP1 protein produced from E. coli does not affect the viability of hPDL cells, comparable to commercial DMP1 protein (R&D Systems, USA).
DMP1 produced in E. coli activates osteogenesis-related genes
The cells were treated with 1 mg/ml and 2 mg/ml E. coliproduced DMP1 for 72 h. The mRNA was collected to investigate the expression of ALP, BMP2, CBFA1, COL1, OPN, OSX, and WNT3a genes by qRT-PCR. The results showed that the 2 mg/ml DMP1-coated surface could upregulate the expression of the ALP, BMP2, CBFA1, COL1, OPN, OSX, and WNT3a genes (Fig. 6 ).
DMP1 activates calcification
The hPDL cells were grown in general medium and osteogenic medium for 14 days. The hPDL cells were stained with Alizarin red S at the end of the experiment. The hPDL cells cultured in general media were not red (Fig. 7A) , but the cells were light red when they were cultured in osteogenic medium (Fig. 7B) . When the cells treated with the negative control (contaminated proteins from E. coli purified with the same protocol as DMP1) (Fig. 7C) or with 0.5 mg/ml and 1 mg/ml were performed in triplicate. Cell viability was evaluated by the MTT assay at 24 h and 72 h. Data represent the absorbance at 570 nm. Data represent the mean of 3 independent replicate samples AE SD. Cells treated with the proteins purified from E. coli without the DMP1 gene using the same protocol as DMP1 purification served as the negative control. Fig. 6 . E. coli-produced DMP1 increased the mRNA expression of osteogenic markers. The hPDL cells were treated with 0.5 mg/ml, 1 mg/ml and 2 mg/ml E. coliproduced DMP1 for 72 h. Total RNA was extracted, and real-time PCR was performed using primer sets for human ALP, BMP2, CBFA1, COL1, OPN, OSX, and WNT3a genes. The values obtained for nontreated cells were set at 1 for subsequent fold change calculation. Cells treated with the proteins purified from E. coli without the DMP1 gene using the same protocol as DMP1 purification served as the negative control. The data are shown as the mean AE SD, derived from triplicate experiments. Means with three asterisks (***) are significantly different (P < 0.01).
DMP1 protein (Fig. 7D and 7E , respectively) were grown in osteogenic medium, the cells were also light red, similar to the nontreated cells cultured in osteogenic medium. However, when hPDL cells were treated with 2 mg/ml DMP1 protein cultured in osteogenic medium, the cells were bright red (Fig. 7F) , indicating calcium deposition in these cells. The quantification of calcification is reported in Fig. 8 . The results confirmed that the cells treated with 2 mg/ml DMP1 protein (Group F) exhibited significantly higher calcium deposition than the other groups.
Discussion
Bone tissue engineering is one of the prominent fields in tissue engineering and regenerative medicine. The accomplishment of this technology depends on three different components: cells, scaffolds, and signalling molecules. These three elements can be linked by protein molecules. Protein signalling is crucial to regulating cell phenotype and engineered tissue structure and function. However, there are several limitations in protein availability. Therefore, recombinant protein technology can be used to design proteins with targeted properties.
Previous reports have described the generation of recombinant proteins for bone tissue engineering, such as osteopontin (OPN) [9] , Jagged1 [10] , BMP-2 [11] and DMP1 [12] . DMP1 is one target for bone tissue engineering. DMP1 activates FAK-mediated MAPK signalling which coordinates the extracellular environment of osteolytic lacunae and bone metabolism [13] . DMP1 plays an important role in bone regeneration.
E. coli was used as a host to produce DMP1 protein due to several advantages, including its rapid growth rate, good genetic characterization, high protein expression level, low cost, and easy genetic manipulation and transformation. The organism itself is generally recognized as safe (GRAS) [14] [15] [16] . In this study, DMP1 was cloned and expressed in E. coli. E. coli was previously used to produce few recombinant proteins for tissue engineering, such as human BMP-2 [17] and osteocalcin [18] .
A previous report on the expression of DMP1 in E. coli reported a size of 90-95 kDa [19] . The DMP1 protein was shown to undergo extensive dimerization [20] . In our study, pET22b-DMP1 was transformed and expressed in E. coli. The predicted size of DMP1 is approximately 55 kDa. Under reducing conditions, the Western blot confirmed that the size of DMP1 expressed in our study was approximately 60 kDa and 120 kDa, similar to commercial DMP1 protein (Fig. 2) . The upper and lower bands correspond to the dimer and monomer forms of DMP1, respectively. Moreover, the results from mass spectrometry also confirmed that the proteins at 60 kDa and 120 kDa are human DMP1 (data not shown). Due to the extensive dimerization of DMP1 [20] , the dimer form remained and was detected under reducing conditions (Fig. 2) .
The optimization of protein expression in E. coli is necessary because different recombinant proteins require different conditions for the best expression. In this study, IPTG concentration, induction time, and induction temperature were optimized. Different concentrations of IPTG were tested, including 0.2 mM, 0.5 mM and 1 mM IPTG. The induction time also varied (2 h, 4 h, and 6 h). IPTG induction was performed at 28 C and 37 C. Our results confirmed that the DMP1 expression level was highest when E. coli was induced with 0.5 mM IPTG for 6 h at 37 C. The data are shown as the mean AE SD, derived from triplicate experiments. Means with three asterisks (***) are significantly different (P < 0.01).
DMP1 was previously shown to induce the proliferation of different cell types [21] [22] [23] . In this study, DMP1 produced from E. coli was tested for toxicity on hPDL cells using the MTT assay. Our results showed that there was no significant difference among the viability of hPDL cells treated with 1 mg/ml DMP1, 2 mg/ml DMP1, and without DMP1 at 24 h and 72 h (Fig. 5) . These data confirm that DMP1 is not toxic to hPDL cells. DMP1 was previously shown to play an important role in osteogenic differentiation in dental follicle stem cells [24] . Therefore, DMP1 was further studied for the induction of osteogenic-related genes in human PDL cells. Human PDL stem cells are able to develop into cementoblast-like cells, adipocytes or collagen fibres [25] . PDL cells also have the potential to form calcified deposits with other mesenchymal stem cells [26] . DMP1 was previously expressed in E. coli and stimulated the Runx2 gene in mouse calvarial preosteoblast MC3T3-E1 cells [27] [28] [29] . DMP1 in the human body is found in both phosphorylated and nonphosphorylated forms [30] . The different functions of each DMP1 form have not yet been studied.
In this study, we first showed that 2 mg/ml DMP1 was biologically active in vitro in human PDL cells by inducing the ALP, BMP2, CBFA, COL1, OPN, OSX, and Wnt3a genes. These osteogenic-related genes were significantly increased in human PDL cells after 72 h of treatment (Fig. 6 ). Not only were higher mRNA levels of the osteogenic-related genes observed but also more calcium deposition on the PDL cells treated with DMP1 was found (Figs. 7 and 8 ). This result suggests that DMP1 can strongly induce osteoblast differentiation in human PDL cells.
In conclusion, recombinant DMP1 does not affect cell viability but strongly induces osteogenic differentiation and calcium deposition in human PDL cells. Therefore, the DMP1 protein has the potential to serve as a target protein used in dental tissue engineering for tooth repair and regeneration.
